In the study the wall thickness of ceramic shell mould influence on (γ + γ') eutectic in the IN713C nickel-based superalloy airfoil blade casting was described.
Introduction
Nickel-based superalloys are mainly used in aircraft and power-generation turbines. Creep-resistant polycrystalline turbine blades applied in the mentioned industry are typically produced by investment casting process also known as the lost wax process. It is especially useful for making castings of complex and near-net shape geometry, where machining may not be possible or too wasteful. The lost wax process is a complex, multi-step and relatively expensive manufacturing process, but allows to obtain the casting of such complex part with very thin section as the turbine blade with good surface finish and high dimensional accuracy. In the investment casting process a wax pattern (wax replica of the same basic geometrical shape as the intended finished cast part, prepared by injection into special, carefully calculated and manufactured wax die) is coated with a refractory ceramic material. Once the ceramic material has dried (hardened) its internal geometry takes the shape of the casting. The entire assembly is placed in a steam autoclave to remove most of the wax. The remaining amount of wax soaked into the ceramic shell is burned out in a furnace. The molten nickel-based superalloy is poured into the cavity where the wax pattern was. The metallic material solidifies within the ceramic shell mould. Once the casting has cooled sufficiently, the mold shell is broken out. Next, the gates and runners are cut from the casting. After minor final post processing (sandblasting, machining), the castings -identical to the original wax patterns -are complete and ready [2] [3] [4] [5] [6] . It is well known that many process parameters may influence on the quality of the final part, its microstructure and finally its properties.
Material for the research
Studies were performed on the IN713C superalloy, which besides nickel also contained (wt. %): 0.10% C, 13.5% Cr, 4.5% Mo, 6% Al, 0.8% Ti, 2% Nb, 0.01% B, and 0.06% Zr.
Polycrystalline nickel-based superalloys develop high temperature strength through solid solution and precipitation strengthening (the formation of secondary phase precipitates such as gamma prime and carbides). The microstructure of the IN713C consists, regardless of the casting parameters used, of γ-grains, carbides, interdendritic (γ + γ') eutectic, (γ + MC) eutectic and coherent γ' precipitates distributed uniformly within the γ-matrix. The precipitation and growth kinetics of the γ' phase are highly sensitive to the rate at which the alloy is cooled through the solvus temperature.
The (γ + γ') eutectic is an indication of the remaining melt at the end of the solidification process [7] . After solution heat treatment the microstructure with (γ + γ') eutectic should be homogenized [8] .
Methods
The castings described in the work were produced by the Laboratory for Aerospace Materials at Rzeszow University of Technology in Poland. The Laboratory carries on experiments among other things in the fields of innovation in foundry engineering. The polycrystalline castings from IN 713C were made in the investment casting process. Finding a correlation between the wall thickness of the ceramic shell mould and the as-cast microstructure (especially (γ + γ') eutectic) of the castings from the IN713C was the main objective of the present study. Specific knowledge about conditions and parameters of the process is protected and therefore will not be discussed in detail. Two wax pattern assemblies (single wax blade replicas assembled in clusters) were prepared to produce several casts in a single casting. Each assembly consisted of two casts: one "smaller" airfoil blade casting and one "bigger" solid airfoil blade (see Fig. 1 ). Two castings: GK and GG (one from each assembly) were selected for the microstructural and statistical analysis (see Fig. 1 ).
Water-based colloidal silica slurry with different grain size of alumino-silicates filler and stucco were used to shell mould manufacturing. Each shell mould consisted of nine layers. Additionally, in the case of the GK casting from the first assembly, a thicker ceramic layer consisting of alumina (Al 2 O 3 ) and silica (SiO 2 ) suspension in water mixed in proportion 2:1 was put on the suction side of the airfoil blade (see Figs. 2 and 3). The thickness of the ceramic shell mold wall was there 21÷24 mm. Whereas, the GG cast from the second assembly got extra thicker ceramic layer on the pressure side of the airfoil blade (see Fig. 3 ). The thickness of the ceramic shell mold wall was there 19÷24 mm.
The dry time to full shell production amounted to 24 hours. After dewaxing, the ceramic molds were placed in the furnace for vacuum casting and annealed up to 1200°C to build up their strength and make them ready to pouring with the molten IN713 superalloy at the temperature 1500°C. After pouring with liquid metal, the ceramic moulds were shifted from the heated space to start the process of solidification. At the end the ceramic molds were broken and final castings were cut off. Two selected for the microstructural investigations castings (GK and GG) were cut in the way presented in Fig. 4 . The cross-sections were included and prepared according to traditional scheme of sample preparation for nickel-based superalloys (grinding and polishing). To reveal the microstructure of the investigated material the surfaces of the samples were etched in a mixture of 100 ml H 2 O, 100 ml HCl, 100 ml HNO 3 and 3 g MoO 3 . The microstructural investigations of the cross-sections of the castings (GK and GG) were carried out by means of Hitachi S-4200 scanning electron microscope. The recorded microphotographs were next applied for computer-aided image analysis by means of Met-Ilo program to estimate quantitatively the main parameters describing the (γ + γ') eutectic islands occurring in the investigated superalloy. Finally, the obtained results of the measurements of the (γ + γ') eutectic islands were analysed in accordance to the typical statistical methodology. The amount of (γ + γ') eutectic in Ni-based superalloys affect the properties, that is why its evaluation is so important. As an example one can cite the result of the research on MAR-M247 superalloy which confirmed that the room temperature yield strength increased and the ductility decreased as the amount of (γ + γ') eutectic was reduced [9] . Furthermore, in as-cast alloys with a high volume fraction of (γ + γ') eutectic, the complete dissolution of γ' by the appropriate heat treatment is of extreme importance [10] .
Results
Thanks to the accepted way of cutting of the airfoils one can be able to observe and confirm with the measurements if the two options of ceramic layer putting on during investment casting process influence the solidification conditions and appearing (γ + γ') eutectic islands as well as if there is diversification of morphology, size and shape of (γ + γ') eutectic at height of the aerofoil of the blade.
The various eutectic 2D structures visible on the images (Fig. 5) result from the different observation plane and their distance from the fine γ/γ' centre. Graphical 3D illustration of the parent eutectic starting with a fine γ/γ' structure in the centre, the spatial expansion changes into a coarsening finger-shaped γ' with small γ channels, what is described in the work [11] .
The (γ + γ') eutectic islands were observed in the analyzed material in the interdendritic spaces.
Precise quantitative evaluation of (γ + γ') eutectic islands is complicated because of their complex morphology. It requires image processing and mathematical transformations to obtain binary image of (γ + γ') eutectic areas to measurements. The example of detection of (γ + γ') eutectic islands was presented in Fig. 6 .
The measurements of (γ + γ') eutectic areas were performed on the binary images with detected (γ + γ') eutectic. The results of the measurements were presented in Tables 1 and 2.   TABLE 1 The results of the measurements of (γ + γ') eutectic areas on the cross-sections of the GG casting The attention was focused on two parameters describing the (γ + γ') eutectic islands: A A -area fraction and A --mean plane section area. The presented data were used for one-way and two-way analysis of variance (abbreviated ANOVA). It is a technique used to compare in statistics means of two or more samples (using Fisher-Snedecor distribution). The obtained results were the following: you can observe that there is a lack of significant difference between cross sections of GG cast (p value equals 0.34) and similarly GK cast (p value equals 0.61) -see Figs. 7 and 8. Taking into consideration comparison between conditions of two technologies (GG and GK cast) the results of the area fraction of (γ + γ') eutectic areas show that if we expect a similar mean value of area fraction, there is lack of significant difference between cross-sections comparing together both technologies (p value equals 0.95) - Fig. 9 . But if we compare jointly the cross-sections from GG cast with the cross-sections from GK cast some differentiation starts to be visible (p value equals 0.11) while there is still a lack of significant difference statistically - Fig. 10 .
The second analyzed parameter describing (γ + γ') eutectic areas is a mean plane section area. In Figs. 11 and 12 the results of ANOVA tests with plane sections area were presented. In the case of GG cast there is a lack of significant difference between the cross-sections (p value equals 0.63), but there is a significant difference between the cross-sections of GK cast (p value equals 0.02).
Comparing jointly two technologies (GG and GK cast) one can observe that there is very significant difference between mean plane section area of (γ + γ') eutectic areas because p value equals 0.005 (Fig. 13 ). There is a lack of significant difference statistically between the cross-sections of two casts GG and GK comparing them together (p value equals 0.17), but some differentiation starts to be visible - Fig. 14 .
If we would like to find the answer for the question if there is an interaction between technology (GK and GG cast) and cross-sections of the cast taking into consideration mean plane section area of (γ + γ') eutectic areas, we could use the results from the ANOVA method showed in Fig. 15 and 16 .
There is no significant interaction between the technology and cross-sections of the casts (p value equals 0.2). The most
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Summary and conclusions
The observations of the microstructure on the all crosssections of the investigated elements and the performed statistical analyses of occurring of (γ + γ') eutectic areas in the material enabled to determine diversification or a lack of diversification of the microstructure. The size, distribution, morphology and orientation of microstructural constituents depends strongly on local solidification conditions. A significant diversification of microstructure at the height of the whole cast could indicate a necessity of a further improvement of a technological process especially connected with a heterogeneous thickness of a multilayer ceramic moulds.
Based on the carried out investigations the following conclusions can be made: 1. The presented results show that evaluation the (γ + γ') eutectic areas in the analyzed casts from IN 713C superalloy is possible using by image analysis. 2. The analysis of repeatability of technology was carried on by means of statistical ANOVA methods. 3. Analysis of the microstructure of the IN 713C material requires knowledge and experience. Only application of complex procedure of quantitative description of material microstructure can give good and repeatable results. 4. The conducted comparison between two technological options of shell mould deposition showed that: a) there is a lack of signifi cant difference between GG and GK cross-sections considering together and separately taking into consideration area fraction of (γ + γ') eutectic, b) there are visible divergence between GG and GK crosssections taking into consideration mean plane section area of (γ + γ') eutectic. 5. Thicker deposition of the ceramic layer on the suction side of aerofoil (GK cross sections) gives greater diversification of mean plane section area of (γ + γ') eutectic than deposition on thicker layer on the pressure side. 6. The cross-section No. 1 characterizes the most deviation from the rest cross-sections in the case of mean plane section area of (γ + γ') eutectic. It points that this area of aerofoil should be especially in control during deposition of ceramic layer. 7. It seems that one should use more sophisticated, but also more computationally expensive statistical non-parametric methods [12÷14] in further investigation to reveal relationships between factors deeper than it is possible in classic statistical analysis [1] , however the computational cost of such enhancement is very high [15] . It may include specific non-parametric methods for the analysis of multidimensional sparse data [16] [17] [18] [19] [20] [21] [22] , even with a multiphysics approach [23] [24] [25] and the fuzzy statistics [14] . The investment casting industry is developing. It improves casting quality and reduces manufacturing costs. Production of mould described here takes 24 hours. Depending of the used materials, added components and size of the component it can take 24 up to 72 hours. Drying and strength development are the most significant rate-limiting factors in reduction of time and costs of production. That is why the research on ceramic shells are so important for investment casting process. The number of coats applied to the wax pattern should be optimized, which would reduce the drying time, material costs and production time. The described in the work results could be usefull for optimization of shell thickness and could be applied for modeling using casting software like Procast, Quickcast, Solidcast, etc.
